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The time-dependent degradation of metal oxide semiconductor ͑MOS͒ transistor performance resulting from hot ͑energetic͒ electron effects has been an area of considerable study over the past 25 years. 1 According to established theory, this aging process is thought to occur in part as the result of hot electrons stimulating the desorption of hydrogen from the Si/SiO 2 interface region. Hydrogen is introduced by necessity during several device processing steps as, for example, during the sintering of the wafers at elevated temperature in a hydrogen ambient. 2 While this process improves device function, it sets the stage for subsequent hot electron degradation. In this letter we demonstrate an alternative process in which the interface states are passivated by deuterium instead of hydrogen. Transistors that have been annealed with deuterium show a greatly reduced degradation due to hot electron effects.
The idea of using deuterium instead of hydrogen was in part inspired by experiments in which a scanning tunneling microscope ͑STM͒ was used to stimulate the desorption of hydrogen from Si͑100͒2ϫ1:H surfaces under ultrahigh vacuum ͑UHV͒ conditions. 3 Following the suggestion of Avouris, 4 these experiments were extended to deuterated surfaces in order to explore more fully the surface science issues of this process. From these new experiments it was discovered that deuterium is much more difficult to remove under the conditions used to desorb hydrogen. 5 While there are clearly many differences between a free surface in UHV and a buried Si/SiO 2 interface, this result suggests the possibility for a sizable isotope effect if hydrogen is replaced by deuterium during the conventional wafer sintering step. To test for the advantages of using deuterium, uncapped complementary metal oxide semiconductor ͑CMOS͒ wafers fabricated at Bell Laboratories were subjected to the deuterium sintering process at Illinois and then returned to Bell Laboratories for electrical stress testing.
The wafers used for our tests contained n-channel metal oxide semiconductor ͑NMOS͒ transistor structures fabricated using the Bell Laboratories 0.5 m 3.3 V CMOS technology. 6 However, the following three changes were made: ͑i͒ the gate oxide was reduced to t ox ϳ55 Å, ͑ii͒ the doping in the p-well was increased, and ͑iii͒ the phosphorus doped lightly doped drain region was replaced by a shallow arsenic implanted ͑dose ϭ 4ϫ10 14 cm Ϫ2 and energy ϭ 30 keV͒ source-drain extension region. These process modifications enhance the peak value for the source-drain electric field near the drain edge of the gate, resulting in more channel hot electrons. The shallow source-drain extension ensures that these hot electrons are near the Si/SiO 2 interface, where they will cause significant interface damage. The interface damage, caused by these hot carriers, can easily be observed by monitoring the change in the NMOS transistor transconductance ͑i.e., g m ϭ⌬I DS /⌬V GS ͉ V DS ϭ0.1 V ͒ or by the shift in the transistor threshold voltage V TH . 7 For this study, accelerated hot carrier dc stress experiments were performed on transistors with varying gate lengths ͑0.5-15 m͒ at peak substrate current conditions. The applied ͑accelerated͒ stress source drain voltage was V DS ϭ5 V and the source gate voltage was V GS ϭ2 V. Stress experiments performed at lower voltages (V DS ϭ3.8 V and V GS ϭ1.5 V) and shorter gate lengths ͑0.3 and 0.4 m͒ give results similar to the ones reported below. Prestress transistor measurements demonstrate that devices sintered in hydrogen or deuterium have identical electrical characteristics ͑e.g., transconductance, subthreshold slope, threshold voltage, saturation current, substrate current, etc.͒. Figure 1 shows the g m degradation as a function of stress time for NMOS transistors with five gate lengths ranging from 0.5 to 0.7 m. Figure 2 shows the threshold voltage increase as a function of stress time for the same devices. All of these transistors are from the same wafer and were processed identically except for the manner in which they were sintered. Wafers sintered in deuterium exhibit much more resilience to channel hot carrier stress. In our comparative study, we have electrically stressed 80 or so transistors, and have observed the same strong trend. These results have also been verified by performing the same electrical stress experiments on a second wafer from another lot. If we use 20% g m degradation as a lifetime criterion, transistors sintered in deuterium typically have lifetimes 10-50 times longer than those sintered in hydrogen. Likewise, we observe a factor of 10 improvement in lifetime if we take a shift of 200 mV in threshold voltage as the degradation criterion. In our opinion, further improvements in lifetime will be achieved once the optimum sinter process conditions are determined.
The theoretical explanation of the reduced hot electron degradation due to deuterium treatment is probably analogous to the explanation for the STM experiments by Avouris et al., 8 although this analogy should not be pushed too far. They showed that hydrogen absorbed on the silicon surface can be taken off by a STM tip up to 100 times easier than deuterium. An explanation of such a giant isotope effect can be found by assuming that the hot electrons cause a population of a silicon hydrogen ͑deuterium͒ antibonding state. This results in a force that accelerates the hydrogen away from the silicon surface leading to reduced wave function overlap with bulk silicon states. That acceleration is, of course, much diminished for the deuterium because of its bigger mass. For the same reason the kinetic energy gain necessary for dissociation is reached faster by hydrogen than by deuterium. In other words, the differences between hydrogen and deuterium arise from dynamic effects as they are important in chemical reactions. The static chemical bonding is evidently the same for both hydrogen and deuterium which is the reason for the identical transistor properties after hydrogen and deuterium treatment before hot electron dynamics and resultant damage. The difference of the hot electron degradation compared to the STM experiment lies mainly in the more complex chemistry of the Si/SiO 2 interface. The hydrogen ͑deuterium͒ passivating a silicon bond may ͑due to hot electron excitation͒ transfer to the SiO 2 , passivating a more removed silicon bond or linking up with oxygen or even forming H 2 ͑D 2 ͒. All of these processes may be complicated by processes of interface reconstruction and defect chemistry. As a consequence, the energy needed to depassivate and remove hydrogen ͑deuterium͒ may be significantly different from the energies in the STM experiments. The close proximity of SiO 2 ͑instead of the more remote tip͒ will also permit different reactions of hydrogen ͑deuterium͒ than the ''reaction'' with the tip electrode.
In addition to the effects discussed above there are also other effects that may explain the large improvement of hot electron degradation by use of deuterium. One effect is the well-known isotope effect that relates to the larger zero point energy of the Si-H oscillations as compared to Si-D. Another effect is the possibility of excited Si-H or Si-D oscillations. Hot electrons in devices may excite by multiple impact oscillations far above the thermal equilibrium and thus force dissociation. A multiple excitation mechanism is also thought to explain hydrogen desorption at lower electron energies in the STM experiments. 9 Again, deuterium would show less energy transfer because of its large mass. Another explanation is related to the possible mass dependence of tunneling of the nuclei that might be involved in the chemical process of dissociation. We do not want to speculate at this point on which effect is dominant. All of these effects favor deuterium as the more stable passivation. The generality of these effects suggests that deuterium instead of hydrogen may be beneficial in other processes, devices, and device materials. Note that the well-known effects based on differing mobilities of H ϩ and D ϩ ͑e.g., following gamma irradiation 10 ͒ or as occurring in electrolysis will not explain the giant isotope effect that we observe. These effects do not involve hot electrons at the interface.
In conclusion, we have demonstrated that the replacement of hydrogen with deuterium during the final wafer sintering process results in substantially reduced susceptibility to hot electron degradation effects. The explanation of the effect is based on the increased difficulty to break the deuterium bond due to the additional neutron mass. 
